Although the excitatory amino acid (EAA) receptor agonist N-methyl-d-aspartate (NMDA) can exert profound stimulatory effects on the neuroendocrine reproductive axis of Syrian hamsters, the exact relationship between NMDA receptors and LHRH neurones is unclear. In the present study, in situ hybridization histochemistry was performed on sections of hamster brain using an 35S-labelled riboprobe to the EAA receptor gene, NMDAR1. A high content of NMDA receptor mRNA was detected not only in brain areas classically associated with specific NMDA binding (for example, hippocampus and cerebral cortex) but also in the hypothalamus, in particular the ventromedial\p=n-\arcuate area; diffuse hybridization of the riboprobe also occurred in the medial\p=n-\septal area and diagonal band of Broca, regions of the hamster brain in which the LHRH neuronal perikarya are primarily located. In a separate experiment, RNA was extracted from immortalized LHRH neurones (GT1\p=n-\1 and GT1\p=n-\7 cells) and used for northern analysis with a 32P-labelled NMDAR1 riboprobe. Clear-cut hybridization occurred with RNA bands of approximately 4.2 and 4.4 kb from the two LHRH neuronal subtypes. These findings suggest that at least some of the stimulatory action of EAAs on LHRH secretion is likely to be exerted directly at the level of the LHRH neurones rather than being mediated through interneurones. Furthermore, the demonstration of abundant NMDA receptor gene expression within hypothalamic areas that lie outside the blood\p=n-\brain barrier adds plausibility to the concern that EAAs of dietary origin, such as monosodium glutamate, have the capacity to perturb the normal secretory activity of neuroendocrine circuits of the hypothalamus.
Introduction
Excitatory amino acid (EAA) receptors are generally considered to be the main neurotransmitter receptors mediating synaptic excitation within the mammalian brain (van den Pol et al, 1990) . They are involved in many physiological processes including learning and memory and are thought to play a role in the development of several neurodegenerative diseases (McLennan, 1983; McDonald and Johnston, 1990; Watkins et al., 1991) . These receptors have also been implicated in the central activation of the reproductive axis at puberty, in rats (Urbanski and Ojeda, 1987, 1990 ) and monkeys (Plant et al., 1989) , through neuroendocrine pathways involving the release of gonadotrophins (Wilson and Knobil, 1982; Tal et al., 1983;  Ondo et ai, 1988; Brann and Mahesh, 1992) . The stimulatory effects of EAAs on the reproductive axis appear to be particularly marked in seasonally breeding rodents such as Syrian hamsters. For example, in male hamsters, the EAA receptor agonist N-methyl-D-aspartate (NMDA) can activate LHRH neurones, and in turn cause the release of gonado¬ trophins, even when the animals are maintained in a nonreproductive condition under short days; moreover, single daily injections of NMDA (25 mg kg-1 body weight) alone are sufficient to maintain a functional reproductive system or cause testicular recrudescence (Urbanski, 1990 (Urbanski, , 1992 Meredith et al, 1991; Hoover et al, 1992; Urbanski et al, 1993a) .
Although some of this stimulatory action of EAAs is likely to be exerted acutely on the LHRH releasing neuronal circuitry (Bourguignon et al, 1989) , there is evidence to suggest that more long-term stimulation might also involve mediation through neuroendocrine pathways that comprise the system used by the animal for measuring day length (Colwell et al, 1990 (Colwell et al, , 1991 Ohi et al, 1991; Hoover et al, 1992; Urbanski et al, 1993a unpublished). In addition, radiolabelled ligand-binding studies using MK-801, a non-competitive NMDA receptor antagonist, strongly suggest that there are EAA receptors within both the medial-septal area and medial-basal hypothalamus of Syrian hamsters (Urbanski and Pierce, 1992) , areas of the brain con¬ taining LHRH neuronal perikarya and terminals, respectively.
Overall, however, it is still unclear how EAA receptors are integrated with the neuroendocrine circuits that control the secretion of LHRH. The aim of the present study was therefore threefold: (1) to determine the distribution of EAA receptor gene expression within the neuroendocrine control centres of the hamster brain, using in situ hybridization histochemistry;
(2) to determine whether EAA receptor genes are expressed in immortalized LHRH neurones; and (3) to determine the ex¬ tent to which exogenous EAAs can penetrate the neuroendo¬ crine control centres of the adult hamster brain. Preliminary findings have already been reported (Fahy and Urbanski, 1992; Urbanski et al, 1993b) .
Materials and Methods

Animals and cell lines
Male Syrian hamsters (Mesocricetus auratus) were obtained from Charles River Laboratories, Inc. (Wilmington, MA) and were housed in a photoperiod of 14 h light: 10 h dark (lights on 05:00-19:00 h). Immortalized LHRH neurones of the GTâ nd GTj_7 subtypes (Mellon et al, 1990) were cultured at 37°C in a humidified 95% air:5% C02 atmosphere. The culture medium comprised Dulbecco's modified Eagle's medium supplemented with 4.5 mg glucose ml~, 0.6 mg L-glutamine ml~, 100 U penicillin ml~, 100 µg streptomycin ml~* (all reagents obtained from Life Technologies Inc., Grand Island, NY), 3.7 mg sodium bicarbonate ml-1 (Sigma Chemical Company, St Louis, MO) and 10% fetal bovine serum (HyClone Laboratories, Inc. Logan, UT).
Riboprobe synthesis
A 1400 bp fragment from NMDARl cDNA (Moriyoshi et al, 1991) was exised using EcoRI and further cleaved using Psfl (Stratagene Cloning Systems, La Jolla, CA; Ausbel et al, 1992); this yielded 450 bp and 900 bp restriction fragments. The former was ligated into pBluescript and amplified in XLl-Blue Escherichia coli (Stratagene Cloning Systems). Radiolabelled antisense and sense riboprobes were subsequently transcribed from the 450 bp fragment using T7 and T3 RNA polymerases, following the supplier's instructions (Promega Corporation, Madison, WI).
In situ hybridization histochemistry
The animals were anaesthetized with ether and perfused with 4% paraformaldehyde in borate buffer (pH 9.5). The brains were further post-fixed for 24 h with paraformaldehyde/borate buffer containing 10% sucrose and then stored at -80°C. They were subsequently sectioned while frozen (10 pm), either in the mid-sagittal plane or coronally through the medial-septal preoptic area and the medial-basal hypothalamus. The sections were mounted on microscope slides, treated with 10 pg proteinase ml"1 (Stratagene Cloning Systems) of Tris-EDTA buffer (pH 8.0) for 30 min, acetylated, dehydrated, and then hybridized overnight at 55°C with the freshly synthesized S-Iabelled antisense or sense riboprobe (10 106 c.p.m. ml~) . The sections were then treated with 20 pg RNAase A ml" (Sigma) for 30 min at 37°C, followed by washing with decreasing concentrations of saline-sodium citrate buffer (SSC) (2 -0.5 x ) at room temperature, and finally for 30 min with 0.1 SSC at 65°C (the 20 stock SSC solution consisted of 175.3 g sodium chloride and 88.2 g sodium citrate I-1; pH 7.0). The mounted sections were apposed to photographic film (Hyperfilm-ßmax; Amersham Corporation, Arlington Heights, IL) for 48 h and digitized pseudocolour images were produced from the autoradiograms using a Zeiss-IBAS 2000 image analyser.
RNA isolation and northern analysis Total and poIy(A) RNA were isolated from the neuronal cell lines using guanidine thiocyanate (Fluka BioChemika, Ronkonkoma, NY) and oligo(dT)-cellulose (Collaborative Research Inc., Bedford, MA), as well as from rat cerebral cortex (Ausbel et al, 1992) . Electrophoresis of the RNA was per¬ formed on a formaldehyde/agarose (1.2%) gel, which was transferred to a nitrocellulose membrane, and UV-crosslinked.
The blot was prehybridized at 65°C for 3 h in a solution that comprised 50% formamide (Boehringer Mannheim Biochemicals, Indianapolis, IN) and the following additional chemicals (all obtained from Sigma Chemical Company): 5 SSC, 5 x Denhardt's reagent (polyvinylpyrrolidone, BSA, Ficoll 400), 50 mmol sodium phosphate 1~ (pH 7.0), 2.5% sodium dodecyl sulfate (SDS), 200 pg sonicated denatured salmon sperm DNA ml~~: and 200 pg yeast RNA ml " \ The blot was then hybridized with 32P-labelled antisense probe (106 c.p.m. ml-) in the same solution for 18 h. The blot was subsequently washed with 2 SSC, 0.1% SDS (2 15 min) at room tem¬ perature, followed by 0.5 SSC, 0.1% SDS (2 15 min) at 65°C. The blot was then apposed to photographic film (X-Omat AR; Eastman Kodak Company, Rochester, NY) Fig. i . Distribution of N-methyl-D-aspartate (NMDA) receptor mRNA in hamster brain, (a) Mid-sagittal section, (b) coronal section through preoptic area and (c) coronal section through medial-basal hypothalamus. Digitized autoradiograms showing in situ hybridization with the NMDARl antisense probe were colour-coded with high to low densities represented by dark blue, red, yellow and green; use of the control NMDARl sense probe produced a uniform background level of hybridization (not shown). CG cerebral cortex; CP: caudate putamen; CB: cerebellum; DB: diagonal band of Broca; LS: lateral septum; H: hypothalamus; HC: hippocampus; ME: median eminence; MS: medial septum; OT: olfactory tubercle; P: pons; TH: thalamus; VM-A: ventromedial-arcuate area.
Results
In situ hybridization of the antisense NMDARl riboprobe was most pronounced in the cerebral cortex, hippocampus and pons (Fig. 1 ). Hybridization also occurred in the caudate putamen, cerebellum, lateral septum, olfactory tubercle and in areas of the hypothalamus, including the ventromedial-arcuate area. More diffuse hybridization occurred in the medial-septal area and the diagonal band of Broca, regions of the hamster brain where the majority of LHRH neuronal perikarya are distributed (Fig. 1) . The use of a control 35S-Iabelled NMDARl sense probe, or pretreatment of the brain sections with RNAase A, produced a uniform background level of hybridization (not shown).
After electrophoresis, RNA was hybridized to a P-labelled antisense NMDARl riboprobe, using northern blot analysis. NMDA receptor mRNA expression was shown in rat cerebral cortex and also in immortalized LHRH neurones of the GT^j and GTj_7 subtype (Fig. 2 ). An RNA ladder (Life Technologies) Systemically administered [3H]glutamate was not readily taken up by the hamster brain except in circumventricular areas. This was especially pronounced in the medial-basal hypothalamus, demonstrating that exogenous glutamate can reach the same neuroendocrine control centres of the brain that express glutamate receptor genes (Fig. 1 ).
Discussion
Numerous Iigand binding studies using [ Hjglutamate have demonstrated the presence of NMDA receptors in the follow¬ ing areas of the rodent and primate brain: cerebral cortex, hippocampus, cerebellum, thalamus, basal glia, amygdala, brain stem, olfactory bulb and septum (Greenamyre et al, 1984; Young et al, 1990) . The present results, using an antisense NMDARl riboprobe, corroborate these findings. More im¬ portantly from the perspective of reproductive neuroendocrinology, they also demonstrate the presence of NMDA receptor mRNA in the ventromedial-arcuate area of the hypothalamus, a region that is abundant in glutamatecontaining asymmetrical synapses. Although LHRH neurones send axons into the hypothalamus and secrete the neuropeptide into the hypothalamo-hypophyseal portal vessels, the brains of Syrian hamsters, unlike those of primates, do not contain LHRH perikarya in the vicinity of the arcuate nucleus. Instead, the perikarya are located diffusely in more rostral regions, especially in the medial-septal area and diagonal band of Broca (Urbanski and Pierce, 1992) . The hypothalamic NMDA receptor gene expression disclosed in the present study through in situ hybridization histochemistry is therefore unlikely to be associated with LHRH neurones themselves.
Although there appear to be some exceptions (Jirikowski et al, 1990; Mohr et al, 1991; Steward and Banker, 1992) , neuronal RNA is generally considered to be confined to the perikaryon.
However, the results of in situ hybridization histochemistry studies also demonstrate a diffuse pattern of NMDA receptor gene expression in the medial-septal area and diagonal band of Broca. Although this finding is consistent with the possibility that LHRH neurones express the NMDA receptor gene, firm proof awaits some form of double-labelled histochemistry, such as double-labelled immunohistochemistry for LHRH and NMDA receptors, double-labelled in situ hybridization histo¬ chemistry (for example, isotopie combined with non-isotopic), or a combination of immunohistochemistry and in situ hybrid¬ ization histochemistry. Each of these proposed avenues of research has its own particular set of technical problems and limitations.
In the study reported here, a different approach was taken in addressing the issue of whether LHRH neurones express the NMDA receptor gene. By specifically targeting expression of the oncogene SV40 T-antigen to neurones that express the LHRH promoter, Mellon et al (1990) recently succeeded in immortalizing LHRH neurones derived from mice. These neu¬ rones (GT cells) appear to both synthesize and secrete the decapeptide and respond to depolarizing stimuli. In the present study, immortalized LHRH neurones of the GTj_j and GT1-7 subtypes were grown in culture as homogeneous populations and RNA (either total or poIy(A)+) was extracted and used for northern blot analysis. The specific radiolabelled antisense NMDARl riboprobe RNA hybridized clearly with two RNA bands of approximately 4.2 and 4.4 kb, as described by Moriyoshi et al (1991) ; similar hybridization occurred with RNA derived from rat cerebral cortex, tissue that is known to contain an abundance of NMDA receptors. It thus appears that LHRH neurones themselves have the intrinsic capacity to express the NMDA receptor gene, suggesting that at least some of the stimulatory action of EAAs on the reproductive axis is exerted directly at the level of the LHRH neurones rather than being mediated through interneurones.
However, the high NMDA receptor gene expression within the hypothalamus underscores the concerns originally raised by OIney and colleagues (Olney, 1979 (Olney, , 1989 Price et al, 1981 Price et al, , 1984 , that exogenous EAAs of dietary origin, such as monosodium glutamate, might be capable of exerting excito-toxic effects within areas of the brain, such as the hypothalamus, where the blood-brain barrier is weak. It is clear from the present results that exogenous glutamate can penetrate suf¬ ficiently into the hypothalamus of adult Syrian hamsters and reach those areas where NMDA receptor gene expression is pronounced. Although it is unlikely that normal dietary levels of EAAs are toxic to neurones of the hypothalamic neuroendocrine control centres of adults, it is possible that sufficient quantities do penetrate into these areas and perhaps are responsible for causing more subtle perturbations of neuroendocrine function.
